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Phytoplankton pigment distributions during the 
spring isothermal periods of 1998 and 1999 and their 
association with episodic sediment resuspension were 
characterized in coastal waters of southern Lake Mich
igan. Total and phylogenetic group chl a concentra
tions (derived using chemical taxonomy matrix factor
ization of diagnostic carotenoids) corresponded with 
assemblage and group biovolumes estimated from mi
croscopic enumeration (P:::; 0.001 ). Diatoms and cryp
tophytes dominated assemblages and together typi
cally comprised greater than 85% of relative chi a. 
Total chl a concentrations and both fucoxanthin·chi 
a - 1 and alloxanthin·chi a-• ratios were similar across 
depths (P > 0.05 ), indicating uniform distributions of 
and photophysiological states for assemblages and 
diatoms and cryptophytes, respectively, throughout 
the mixed water column. Total chi a concentrations 
were not always spatially unifonn from near-shore to 
offshore waters, with the greatest variability reflect
ing the influence of tributary inflows upon coastal 
assemblages. Sediment resuspension strongly influ
enced water column particle density and light climate; 
however, total and group chi a concentrations did not 
correspond with coefficients of I<.! and suspended 
particulate matter concentrations (P> 0.05). The cor
respondence of both light attenuation and suspended 
particulate matter concentration with relative diatom 
chl a (P :::; 0.001 ) indicated an apparent association be
tween sediment resuspension and diatoms. This, and 
the negative association (P:::; 0.0001) between relative 
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diatom and cryptophyte chi a, corresponded with the 
spatial dominance of diatom and cryptophyte chi a 
in near-shore and offshore waters, respectively. The 
presence of viable chi a and fucoxanthin within the 
surficial sediment layer, established this layer as a po
tential source of meroplanktonic diatoms for near
shore assemblages. 

Key index words: CHEMTAX; chlorophyll; crypto
phytes; diatoms; HPLC; Laurentian Great Lakes; 
photopigments 

Abbreviations: CHEMTAX, CHEMical TAXonomy; 
I<.!, vertical extinction coefficients; SPM, suspended 
particulate matter 

Phytoplankton abundance and composition reflect 
the combined effects of the physical and chemical en
vironments and associated biological responses. How
ever, linkages between environmental forcing and 
phytoplankton within coastal waters remain poorly 
understood, in part due to the dynamic hydrodologi
cal, nutrient, and irradiance conditions that influence 
phytoplankton growth and distribution (Demers et al. 
1989, Claustre eta!. 1994) . .\tforeover, sediment, nutri
ent, and biological inputs from tributaries episodically, 
and often dramatically, impact coastal assemblages 
(e.g. Schaub and Gieskes 1991, O'Donohue and Den
nison 1997, Heiskanen and Tallberg 1999). 

The water column in Lake Michigan during the 
spring isothermal period is characterized by intense 
vertical mixing. Since 1992, synoptic-scale sediment 
resuspension has been an annually recurrent coasi.al 
feature during this period in the southern portion of 
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the lake (Fig. 1.-\). This episodic resuspension of sil t
and clay-like particles is initimed by late-winter storms 
after ice our. may extend greater than 3000 km~. and 
may persist for more than a month (Mortimer 1988, 
Eadie et al. 1996). Resuspension initiates near-shore 
(in l 0-20 m depth) and offshore transport of suspended 
particulate matter (SP\1) occurs soon after. most likelv 
through episodic wind e,·ents (Eadie et al. 1996, McCor
mick et al. 2003, Miller et al. 2003). Duting an e\'en't in 
Ylarch 1998. greater thau 3 X 10 1 ~ g of sediment was 
resuspended from the Jake floor (Cotner et al. 2000). 

Inherently. sediment resuspension "·oulcl be thought 
to influence phytoplankton. Light and phosphon.ts avail
abilities appear to control phvwplankton growth and 
abundance. respectively, \\ithin Lake \Iichigan during 
the spting isorhennal period (Fahnensticl et al. 198-l. 
Scavia and Fahnensriel 1987). Increased light attenua
tion by resuspended particulate matter compresses the 
photic zone into a smaller fraction of the water col
umn (see Cloern 1987) and may invoke se,·ere light 
limitation to impacted assemblages. HoweYer. resuspen
sion mav imroduce sediment-detived nutrients (Eadie 
et al. 1996, Cotner et al. 2000). thereby alle,iating phos
phorus limita.tion and compensating for lower light leY
els (Fahnenstiel et al. 2001). Resuspension also may af
ford a mechanism by which viable, benthic taxa. and/ or 
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dormant, resting cells from the sediments (meroplank
ton; Lund 1954) are introduced into plankwn and 
transported throughout coastal waters. If resuspcnsion 
is significant and prolonged, phytoplankton abundance 
might significantly increase \~thin impacted waters. 

The effects of resuspension in relation to the more 
persistent meteorologically driYen holomixis on Lake 
Michigan phytoplankton are unknown. vre hypothe
sized that resuspension events would affect the spatial 
and temporal distributions of phytoplankton pigments 
throughout coastal waters. As such, we characterized 
total and phylogenetic group chi a concentrations (de
rived using diagnostic photopigments) throughout the 
spring isothermal periods of 1998 ancll999. The corre
spondence between phytoplankton pigments and sedi
ment resuspension also was assessed. 

MATERIALS AND MF.THODS 

Synoptic surTey n·uises 1\·ithin southeastern Lake l\.lichigan 
were conducted on board the R. \'. l.aurmlirm chu;ng the spring 
isothermal periods of 1998 and 1999. Sampling stations (Table 
1) were established inside and outside of sediment-impacted 
waters along ti<msects (Fig. 1). At each station. PAR (400 to 700 
nm) profiles of the water column were collected using a Sea
Bird (SeaBird Electronics, Inc .. Bellevue. WA, L'SA) CTD pack
age equipped with a Biospherical Instruments down-welling 
PAR sensor (Biospherical Instruments, Inc., San Diego. CA. 
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ftc . l. (A) Distribution of sediment resuspension, as illustrated by channel J-2 reflectance imagery from the NOAA 14 satellite, 
during 1998 and 1999. (B) Location of sampling stations along the Cook, Gary, Muskegon, New Buffalo, and Saintjoseph transects. 
Inset: Studr area relati\'e to the Laurentian Great Lakes system. 
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t:Sr\). Coefficien~ of K,1 were calcu l <~ted from PAR profiles (al~ 
ter Wetzel 2001 ) . :VIodificrl :'lliskin hottles (all rubber parts were 
replaced with Teflon-<oated or silicone: Fahnenstiel et aL 
2003). cast to selected depths, collected water for a'sessment of 
phytoplankton and total SP:VI. SP~I concentrations were deter
mined gravimetrically after drawing 0.5- to :l-L al iquots under 
low \-acuum onto prerinsed. tared. \\1latman (\\1taunan Interna
tional Ltd .. :'>lai<L~tone. Kent. t:K) GF F and or Poretics (Poretics 
C-orporation. Li\·emtore. CA. t:SAJ 0.-l·fJ.m polycarbonate filters. 
Surficial sediment~ were collected on 23 :\larch 2000 lw box cores 
from 4:>-m depth along the l'\ew Buflltlo transect ( 41 o 5 7.17' X. 86° 
48.41' W ) for assessment of photo pigments. 

Phytoplankton pigments were characterized using HPLC. 
lnitialh. 1-L aliquots of water were drawn under low \aCuum 
onto GF I F glass-fiber filters that were irnmediatch frozen and 
stored at -80° C. c\ttimt: of pigment analysis. frozen filters were 
placed in 100% acetone, sonicated. and extracted in darkne~ at 
-20° C for I 2 to 16 h. Filtered extracts (200 fJ.L} were injected 
direcdv into a Hewlett-Packard model I 100 HPLC equipped 
with a ;ingle monomeric (Hewlett-Packard ODS Hypersil: 100 X 
4.6 mm. 5 fJ.m [Hewlett-Packard, Palo Alto. CA. L'SA) ) and two 
polvmeric (\')'dac 20lTP. 250 X 4.6. 5 1.1.m [The Nest Group. 
Inc., SouthborOttgh, MA. USA)) re\·er-se-phase c,~ columns in se
ries, a photodiode array detector. and a Hel\'len-Packard model 
10-46A fluot·ometer placed in-line. The mobile phases and sol
vem flow rates followed that described lw Pinckne' et al. 
(1996). The column temperature was ~~so C. p'igmen~ were iden
tified and quantilied using authentic standards. 

:'>·licroscopic examination first determined the presence of 
four phvlogenetic groups (diatoms. cryptoph~'tes. chi b contain
ing taxa. and cyanobacteria) "ithin phytoplankton assemblages 
during the study periods (see below) . Pigments used as chemo
taxonomic markers for these groups included fucoxanthin, chi 
c1 ~· and diadinoxanthin (diatoms): alloxanthin and j3.~;-caro
tene (cryptophytes) : neoxanthin, 1iolaxanthin, lutein. and chi b 
(chlorophytes): zeaxanthin (cyanobacteria); and chi a (all algae: 
see Millie et aL 1993.jeffrey et al. 1999). Group absolute and rel
ative chi a concentrations then were deri1·ed from suites of pig
ments using chemical taxonomy (CHEMTAtX) matrix factoriza
tion program (Mackey et al. 1996). CHE~lTAt'< calculates the 
contribution of a given algal group. defined in terms of its pig
ment complex. to total chi a based on carotcnoid·chl a- L ratios 
(for ctitical appraisals of CHEMTAX applications, see Wright et 
al. 1996. :'>·lackey et al. 1998, Descy et al. 2000, Schluter etal. 2000, 
Wtight and van den Enden 2000). Because carotenoid ·chi a- 1 ra
tios within Ltke Michigan ph)'tOplankwn assemblages might be 
expeCLed to \'a!V depending on species composition. cell phvsio
logical state. PAR and so on. the pigment data set was di\ided into 
subse~ by sampling depth (0-5, 6--10, 15-25, 30-50. and 70-100 
m) ''~thin u-ansects (Cook. Gary, Muskegon. New Buffalo, Saint.Jo
seph), months (March, April) , and years ( 1998, 1999) before inde
pendent CHEMTAX calculations ( c.f. y[ackey et al. 1998, Schluter 
et al. 2000, Wright and van den Enden 2000). 

To relate pigment data and phytoplankton abundance. the 
correspondence of diagnostic pigments 1vith CHE:\lTAX-derived 
group chi a concentrations first was determined by Pearson prod
uct moment correlation anal}ses. The relationship between total 
and group chi a concenu-ations 1\~th cell biovolumes then wa~ ver
ified for the dominant phylogenetic groups (sec below). Btietly, 
plwtoplanklon at select sites (representing sediment-impacted 
and adjacent waters) immediatelv were preserved with Cter
mohl solution and the species composition later enumerated us
ing standard microscopic techniques. Phytoplankton biovol
umes were determined by first measuring cell dimensions and 
then back-calculating cell size from \·olume estimates (al'ter Fah
nenstiel and Sca\ia 1987b). Pigment and composition hiovol
umes for 19 stations subsequently were selected (from :\lillie et 
al. 2003) for correlation analrsis. 

Plots of mean absolute and relative pigment concentrations 
(aver.tged across the water column) were plotted to illusmne 
spatial di,tribution of pigment va1iables along transects during 
each sampling petiod. In 1999. sampling density pro\ided op
portunities to constn•ct detailed contour plots of chi a concen
tr.ttions along the Muskegon and Saint joseph transects (refer 
to Table I and Fig. 1). For contour plotting, a kliging a lgorithm 
(linear valiogram model) pro\·ided inter-polation between sam
pling and depth points for contours. 

An unpaired /-test or analysis of v-.tliance assessed differ
ences among total and group chi a concentrations across each 
transect for each cruise period. A Tukey test determined the 
significance between pairs of means within each analrsis of vari
ance. To relate phytoplankton abundance to sediment resus
pension. the correspondence among 1{,1, SP~l concentrations. 
and pigment concentrations for singular 1998 and 1999 data 
sets and a combined data set were determined bv correlation 
analyses. Absolute and relative group contribution values were 
transformed (to natural logarithms and square root, arcsine. 
respective!~·) before statistical analvsis to increase the variance 
and homogencitv of normalcy "ithin data sets. 

RESULTS 

Sediment resuspension occurred along the south
eastern shoreline of Lake Michigan in 1998 and 1999. 
Resuspension extended north of the Muskegon transect 
and a significant distance offshore in 1998, whereas it 
only extended as far north as the SaintJoseph transect in 
1999 (Fig. lA). Isothermal and/ or near-isothermal pro
files (ca. 3.5 to 5° C) indicated a holomictic water col
umn at all stations during the study. Values of I\o 
ranged from 0.21 to 2.49 and 0.10 to 0.66 m- 1, whereas 
SPM concentrations ranged from 0.72 to 35.28 and 
0.82 to 6.30 mg·L -l among transects during 1998 and 
1999, respectiYely. Values of Ko displayed a positive as-

TABLE L Sampling locations, frequency. and number in Lake Michigan. 

Transect 

Cook, l::-.J 
Gary, 1:'-l 
.New Buffalo. :\11 

Muskegon, MI 

Saimjoseph, :VII 

Dates 

18 March 1998 
17 yfarch 1998 
26 ~larch 1999 
15 Aptil 1999 
19-29 :Vlarch 1998 
4-11 April 1998 
23-25 :VIarch 1999 
13-22 Aptil1999 
13-23 March 1998 
5 Aptil 1998 
23-25 March 1999 
18 April 1999 

Refer to Figure 1 B for location of sampling transects. 

Total samples 

ll 
5 

18 
27 
42 
14 
87 
99 
16 
9 

48 
46 

~laximt11n depth at stations in meters (distance from shore in km) 

10 (0.04), 30 (7.9), 45 (11.4) 
10 (0.5), 30 (23.8) 
10 (].7). 20 (5.9), 30 (11.5) . 45 (16.5) 
10.20.30,45 
45 (10.1). llO (18.4) 
10 (U), 20 (3.9), 30 (5.8), 45,80 (13.7), 110 
10, 15 (2.5), 20, 30, 35 (7.5), 45 
50 (10.9), 80, 85 (14.3), 100 (16.6), 110 
10 (1.9). 30 (9.7) , 45 (16.4), 73 (23.3), 110 (32.2) 
30 
10, 20 (5.0), 30, 45, 80 (26.0), 110 
10,20,30,45,80, 110 
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Ftc. 2. Relationships between (A) water-column SPYI con· 
cenLrations and K.t \alues and (B) SPM concentrations as a 
function of distance from shore during 1998 and 1999. Trend 
lines, \\ith associated determination coefficients. represent the 
"best fit" relationships ( P ~ 0.001, n = 64) as predicted by lin· 
ear and polynomial least-squares regression. 

sociation with SP,VI concentrations (Fig. 2.-\); however, 
a stronger relationship (r2 = 0.98, n = 36) existed in 
1998 than in 1999 (? = 0.50, n = 29). Sediment resus
pension within subsurface and near-surface waters 
(:515 m depth) displayed a negative association with 
the distance of sampling stations from shore and was 
greatest during 1998 (Fig. 2B). 

Microscopic examination revealed that diatoms and 
cryptophytes comprised the bulk of the phytoplankton 
assemblages (for a detailed taxonomic listing, see Mil
lie et al. 2003). Briefly, diatom assemblages primarily 
were composed of the cemrics Aulacoseim islandica (0. 
Mtill.) Simonsen, Aulacoseira italica (Ehrenb.) Simon
sen, Cyclostephanos spp. Round, Cyclotella ocellata Pantoc
sek, and Stephanodiscus medius Hak. and the pennates 
Diatorna tenuis (c. Agardh, Lyngb.), Fragilaria crotonensis 
Kitton, Rhizosolenia longiseta Zacharias, Synedra acus var. 
ostenjeldii Krieger, Synedra filifonnis Grunow, Synedra ulna 
(Nitzsch) Ehren b., and Tabellaria Jenestrata (Lyngb.) 
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F1c. :t Final f'ucnxanthin·chl " 1 and alloxanthin·chl " 1 
ratio~ deriH:d !'rom CI IE:\ITA..\C matrix fanori1ation fo1· aN: Ill· 
blage~ as a function of 'iampling depth during :\larch and . \p1il 
1999. Data represem mean ratio-. :!: SE for ,·alne-. of the :\lu~kegon 
and Saim Joseph transects ,mrl a1·e plotted at the midpoint of llw 
depth inter\'al (0-3, 6-10. 13- 25. 3o-,·>o. and /1)-100 111) for which 
they w~:re cakulared. 

Kt'ttzing. Cryptophyte assemblages primarily ,,·ere com
posed of Ctyplomonas nma Ehren b .. RJwdomonas minula 
Sktua. and Rhodomonas lens Pascher et Runner. A few 
chi [>.containing taxa (chlorophytes and prasinophytes) 
and cyanobaCleria were observed; however, their abun
dances always were minimal. 

Water-column pigmems included chis (a, chloro
phyllide a, b. c1/ c~. ( 1) and carotenoids (fucoxanthin. 
cis-fucoxanthin, neoxanthin, violaxanthin, diadino
xanthin, cliatoxanthin, alloxanthin, lutein, zeaxan
thin, crocoxanthin, 13,E-carotene, 13.13-carotene). Final 
ratios for fucoxanthin-chl a- 1 and alloxatUhin ·chi 
a- 1 derived from CHEY1TA.'( were consistent (P > 
0.05) among and between depths and sampling peri
ods, respectiYely (e.g. Fig. 3). Fucoxanthin and allox
anthin concentrations corresponded (both r = 0.96, P 
:5 0.001, n = 269) with CHE:\ITAX-derived absolute 
diatom and cryptophyte chi a concentrations, respcc· 
tively. Although absolute diatom and cryptophyte chi 
a concentrations corresponded with respectiYe group 
cell numbers and biovolume estimates (Table 2). total 
chi a concentrations corresponded only with total bio
volume. Both diatom and cryptophvte chi corre-

TABLE 2. Pearson product moment correlation \·alucs ( n = 19) 
tor total and CHE:\<ITA~'\-deri\ed group chl a concentrations 
(~J.g-L -I) with total and group cell numbers and bim·olumes. 

Chi a Tot.al I group (·dlllltlllh('r Tnral ·group cdl biowllmnt.' 

Total 
Diatom 
Cryptophrte 

0.23 
0.79" 
0.73• 

• Significance at the 0.001 probability level. 
bSignificance at the 0.0001 pwbabilit;·level. 

0.72·' 
0.73·· 
0.71·· 
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T.\HI.l·. :1. Pc·,tr,on product momctll correlation oft oral ,IJld CHE:\lT.-\X-dcriH·d group chi n corH enu ati01b { ILW I . 1) w11 h 1\.,1 'a lues 
or SP:\1 conrcntrations for the comhintd clara set from I!J!J8 and IY99. 

Y.uiothlt.•, '-,l'\1 C:"·ptoplwt(' rhl " Di.:twmchl a I ••1.d t hi,, Rdall\c· ll''\plopll\lt• chi'' Rt·l.uhP cli.uum chi a 

K,, -O.J2b 0.11 - 11.11-l - 0 .. )1'1 0.-1."1' 
Cnpwpll\lt' rhl 11 -0 .. >:>•1 0.26' O.'i~'l 0. 7.)•1 -11.1):1•1 

Diatom rhl 11 0.~?0 0.28·· o.s:~·· -0.11" O . ."i«i'' 
Tmal chi" -0.09 o.7oo~ 0.8-1° 0.11 ().()2 

Relatiw en ptopln te chi a -0.61'1 0.72" -0. 12" 0.0 I -O.D:!" 
Rclatin· diatom chi a 0 .. )8'1 - O.IiO" 0.55" ().():! -O.l'\5'1 

Corrc,pondcrH·c for chi a with 1\.,1 ( 11 =58) and SPi\.1 ( 11 32) are in thc uppn .tnd l<ll\·er triang-le , n:~pecti,·dy. Simila1 n•,ult~ were 
obtaitwd \\hen the 199H and 199\J data ~ets were anaiV?cd independent!'. 

'Indicah'' ,j~nilicance at the O.O."i probabilitY le,·el. 
b lndic.m•, ''~nificann• <H the 1).(11 prob;tbilitY lc\el. 
• Indit.llt'' 'l).(nificmce at the 0.00 I probabilitY len· I. 
n lndicall'' ,1gmficance at tlw 0.000 I probabilit\ le\ cl. 

sponded with total chi rt (P s (}.()01, Table 3) and to

gether 1ypically comprised greater than R.>% of the 
relative chi a. 

~laxinwm chi a concentrations ,·aricd ca. 2.:>-fold 
(1.8-1.7.> IJ.g·L 1) among tran~ects (Figs. -1 and 3). 
Concemrations were relati\ ely consistent throughout 
depths during all sampling periods (e.g. Fig. 5). Con
ceutrations along transects d isplayed one ofrwo trends: 
either concentrations were greatest (P s 0.001) at 
near-shon: stations and decreased with increasing dis
tance ofT,horc (e.g. Figs. 4, A <\nd B, and 5, C and D) or 
concentratiom remained relatiwly consistent (P > 

o.l) 

~ 
<:: 

>. 

A) ~lu>kegon, 3/98 

- r~lat Chloroph) 11 a 
4.0 l 
J.! .; c=J 06111om ChJorophyiJ a 

csz:5i!) t'~pcopb,lc CbJorQPb)lla 

1.6 ~ 
•. ~ 

.. 
0.8 

0.0 
IO.IJ 18.36 

.::: C) Saint Joseph. 3198 
~ 4.0 - • 

~ T 

ti J.O i 

b.d b'.d' 
.... b' d 

b.. 4' 

8) Muskegon. 3/98 
1.0 , 

Distance From Shore (km) 

.. ,, . 

Ftc . .J.. Total and absolute diatom and cryprophytc chi a 
along the (A) ~luskegon and (C) Saint Joseph transect in 
March 1998. Relati,·e diatom and cr. ptophyte chi a along the 
(B) :\Iu~kegon ;~nd (D) Saintjo~eph transects. \'ariables (desig· 
nated by p1ime') with the same letter for a uansect are not dif· 
ferent (P> 0.05). Data are mcam :!:: SE averaged across the wa· 
tercolumn (11 = 2-9). 

0.05) across transects (e.g. Fig. 5. A and B). The great
est chi tt concenlrations (up to 10.3 JJ.g·L 1) occurred 
at the mmt near-shore station of the S.tint Joseph 
transt>ct hee Figs. -lC and .). C and D ) and appeared 
to coincide with tributan inflows of the Saint jmeph 
Ri,·er <ll this -.ite. Concenrratiom along the ~C\\ Bufblo 
transccr were highly \'ariable. with the greatest concen
trations occurring at the most near- and ofi:.Ohorc .sta
tion in .\larrh and April 1999, respectively. Ch i a con
ccnu-aliom did not corre~pond with coeflicicnts of 1{,1 
and SP.\1 concentrations (P> 0.05: Table 3). 

~Ia-..imum absolute and relative diatom chi a con
cenu<uions \'aried ca. 12-fold (0.66-8.18 JJ.g·L 1) and 
2.8-fold (0.36-0.99), respccti\'cly. \\ithin coastal waters 
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Ftc. 3. Sp<ttial distribution or tota l chi a (ILg· L 1) along 
the :.lw.kt'gon [(A) :\.lat-ch, (B) April I and Saint .Jo>t•ph [(C) 
.March. (0) \ptil) transects duting 1999. Filled circk~ repre
sent samphng rlensit\'. For contour plotting. a kriging algo
rithm (lincat 'ariogram model) pro,ided interpolation be
tween data means (:\luskegon: March. n = 87; .-\pril. 11 = 99. 
Saim.Jo,cph: .\larch. 11 = 49: .\ptil. 11 = 46). 
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with greatest concentrations occurring at the most 
near-shore station of the Saint Joseph transect. T~pi

cally, diatom chi a was the most abunclant chi a near
shore (P ~ 0.00 l) and decreased with increased dis
tance offshore (Figs. 4, A and B, ancl6. A and C). Dur
ing April 1998. however. this trend was reversed along 
the ~luskegon transect, with both relative and abso
lute diatom chi a ca. 2-fold greater (P $ 0.001) at the 
off.'ihore than the near-shore station. :\lthough abso
lute diatom chi a was similar (P > 0.05) among sta
tions along the Gary transect, relative concentrations did 
decrease (P $ 0.01) with increased distance offshore. 
Unlike trends observed elsewhere. relative diatom chi a 
increased (P ~ 0.05) with increasing clisLance offshore 
along the Cook transect in 1998. Both 1<,.1 and SPM con
cenn<ltions were positively associated with relati,·e diatom 
chi a (P$ 0.001 and P$ 0.001, respectively; Table 3). 

Maximum absolute and relative cryptophyte chi a 
concentrations varied ca. 2.7-folcl (0.96-2.6 f.lg·V 1) 

and 2.9-fold (0.26-0. 76), respectively, within coastal 
waters. In contrast to the trend displayed by diatom 
chi a, absolute and relative cryptophyte chi a typically 
increased (P ~ 0.05) with increasing distance off
shore with the greatest relative abundance occurring 
at the most offshore stations and at depth (Figs. 4, A 
and C, and 6, B and D). Although absolute cr:pto
phyte chi a was similar along the Muskegon transect 
during ~larch 1998, the relative chi a was greatest 
(P ~ 0.05) at the most offshore station. Both ~and 
SPM concentrations were negatively associated with 
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FIG. 6. Spatial distribution of relative chi a along the 
Muskegon [(A) diatom, (B) cryptophyte; n = 99] and Saint jo
seph [(C) diatom, (D) cryptophyte; n = 46] transecL~ during 
April 1999. Filled circles represent sampling density. For con
tour plotting, a kriging algorithm (linear va1iogram model) pro
vided interpolation between data means. 

absolute and relative cryptophyte chi a (P $ 0.001; 
Table 3). 

Viable photopigments \\~thin harvested surficial 
sediments included both chis and carotenoids (Fig. 7). 
Pigments indicative of diatoms (chis c112, fucoxanthin, 
diadinoxamhin; see above) dominated the pigment 
complex. Only minimal amounts of chi a degradation 
products and pigments representative of CI)ptophytes, 
chlorophytes, and cyanobacteria were present. 

DISCUSSION 

Sediment resuspension episodically impacted the 
particle density and light field of the ncar-shore water 
column during the spring isothermal period in Lake 
Michigan (also see Cotner et a!. 2000). A large vari
ability in light attenuation occurred, particularly in 
1998 when the extent and intensity of sediment res us
pension was greatest (refer to Figs. lA and 2). The as
sociation of SPM with K..t and the lack of association of 
total chi a with both SPM and K..t indicated thal atten
uation primarily was a function of suspended sedi
ment and not of phytoplankton biomass (see Cloern 
1987). 

Concentrations of chi a generally ranged from 1.5 
to 4 f.lg· L - 1, values within the range typically reported 
for Lake Michigan coastal waters during early spring 
(cf. Brooks and Torke 1977, Fahnenstiel and Sca,~a 
1987a). The consistent chi a concentrations and fu
coxanthin·chl (r 1 and alloxanthin·chl a- 1 ratios across 
depths indicated uniform distributions of and photo
physiological states for phytoplankton assemblages, re
spectively, during holomixis ( cf. Roy et a!. 1996). No 
consistent correspondence between phytoplankton 
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F1G. 7. Photopigments indicative of all algae (chi a), dia
toms (chis c1 ,2, fucoxanthin, diadinoxanthin), CIJ-ptophytes (al
loxanthin, f3,e-carotene), and cyanobacteria (zeaxanthin) 'vithin 
surficial sediments. Sediments were collected on 23 \~larch 2000 
by box cores from 45-m depth along the New Buffalo transect. 
Data are means :t SE ( n = 2). 
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abundance (as total, diatom, and/ or cryptophyte chi 
a) and both ~ and SP:VI concentrations was observed. 
However, the correspondence of both ~1 and SP~I 
concentrations with relative diatom chi a did indicate 
an apparent association between sediment resuspen
sion and ciiatoms. Th is, and the negative association 
between relati,·e diatom and cryptophyte chi a, corre
sponded with the spatial dominance of diatoms and 
cryptophytes in near-shore and of[-;hore waters, re
spectively (also see Fahnenstiel and Sca\ia 1987b, Car
rick and Fahnenstiel 1989, Barbiero et al. 2000, Car
rick et al. 2001 , Millie eta!. 2003) . 

Coastal waters sen·e as an interface between off
shore and terrestrial svstems and as a result receive 
nutrient and particulate loading from both. Total chl 
a concentrations often were greatest near-shore and 
decreased with increased distance offshore. The great
est and most variable total and diatom chi a concentra
tions occurred at the most near-shore stations of the 
Saintjoseph transect. Because these stations lie imme
diately offShore the confluence of the Saint joseph River 
and the lake, this variabil ity in ph)'toplankton abun
dance most likelv reflects the sizable influence of tribu
tary inflows upo~ the coastal assemblages. Great Lakes 
tributaries, including the Saintjoseph Ri,·er, previously 
have been reported to contribute significant phospho
rus loading while also introducing riverine phytoplank
ton into littoral waters (Schelske et al. 1984, Chang ·and 
Rossmann 1988, Klarer and Millie 1989). Schelske et al. 
(1984) reported that riverine and Lake .Vlichigan phy
toplankton were distinct populations and that d1e phos
phorus and light conditions within coastal waters im
pacted by inflows could allow riverine populations to 
thrive while simultaneously providing for selective 
growth of dominant lake t:Lxa. Alternatively, turbulence 
associated with river flows could have suspended near 
shore benthic forms into the water column. 

Diatoms and cryptophytes dominated phytoplank
ton assemblages during the study, together often 
comprising greater than 85% of the total chi a. Dur
ing the late winter, cryptophytes and small centric dia
toms typically dominate the lake 's phytoplankton. As 
the spring isothermal period develops, this assem
blage is gradually replaced by one comprised mosdy 
of larger centric diatoms with lesser amounts of cryp
tophytes (Scavia and Fahnenstiel 1987). However, de
creased light intensity typically occurs >vithin hydrody
n<lmically active waters. The increased turbidity resulting 
from near-shore sediment resuspension probably would 
invoke a severe light limitation to certain phytoplankton 
and ultimately reduce growth rates. As a result, abun
dance may remain constant or actually be reduced (see 
Demers et al. 1989). Brooks and Torke ( 1977) noted 
that although the spring diatom increases within the 
lake commence in late \vinter, the later initiation of 
the spring bloom by selected taxa actually coincided 
with the rapid rise of solar input during early spring. 
It may be that diatoms (\vith fucoxanthin as the pri
mary light-harvesting carotenoid) have greater light
harvesting efficiency than cryptophytes within turbid 

near-shore waters, thereby proYiding, in pan, a com
petitiYe adYantage to this phylogenetic group (see On
drusek et al. 1991). ln contrast, cryptophyte relative 
abundance appeared to increase at dept[~ offshore (re
fer to Fig. 6) where the presence of accesso~· phycobi
lin pigments may provide this group with an acl\'antage 
in light harvesting. L'sing microphotometry to assess 
the absorption efficiency of Lake Michigan phytoplank
ton, Fahnenstiel et al. (2000) reported the centric dia
toms, A ulacoseira islandica and Cyd.ostephanos sp., to have 
greater light-harYesting ability than the cryptoph~te 
Cryptomonas erosa. However, \vithout detailed informa
tion on species-specific carbon fixation (i.e. the conver
sion of light into carbon compounds and, ultimately. 
cell growth) , it is impossible to assess the actual effi
ciency of light utilization and its role in competitive 
dominance (Fahnenstiel et al. 2000). 

?\evertheless, explanations for spatial variability in 
abundance within a system as dynamic as Lake ~lichi
gan arc not simple. Light and nutrient availabilities 
likely control the instantaneous rates of phytoplank
ton growth and the potential for biomass accumula
tion, respectively, within the lake during the spring 
isothermal petiod (Fahnenstiel et al. 1984, 2001 , Scavia 
and Fahnenstiel1987). Soluble nitrogen concentrations 
typically are ve1y high in Lake Michigan (100-200 tJ.g·L -I 
N-N0:1-, 3-10 tJ.g·L -I N-NH4 ~) and nitrogen never is 
limiting. Rather, phosphorus is the element most likely 
limiting phytoplanktOn photosynthesis and growth 
(Schelske eta!. 1974). Sediment resuspension and in
tense water-column mixing would favor high nutrient 
availability through upwelling processes, thereby alle
viating any phosphorus limitation within impacted 
waters. During the March 1998 event, Comer et al (2000) 
attributed stimulation of heterotrophic bacterial biomass 
and production along the margin of the lake to the res us
pension of sediments rich in both particulate organic 
and inorganic phosphorus. Soluble reactive phospho
rus was ca. 5-fold greater within sediment-impacted 
near-shore waters than in offshore waters (1.5 and 0.27 
tJ.g· L - I P-POl-, respectively). They postulated a poten
tial similar effect on phytoplankton despite the ex
tremely low water temperatures. Such an enhancement 
of phytoplankton abundance along episodic front<; is 
common and often diatom-dominated (whereas waters 
adjacent to the front are not), due in part to the "op
portunistic nature" of diatoms for nutrients (Claustre 
et al. 1994). Moreover, Holland (1969) observed that 
light penetration had no correspondence to alterations 
in the abundance of Lake Michigan diatoms and atttib
uted most alterations to nutrient dynamics. However, 
phytoplankton growth rates dming this petiod typically 
are quite low (ca. 0.1 d- 1; Fahnenstiel et al. 2001), and 
all measures of phosphorus deficiency (including alka
line phosphatase activity, phosphorus-33 turnover, pres
ence of poly-phosphate bodies) indicated no limitation 
by phytoplankton before, eluting, and immediately after 
resuspension events (G. Fahnenstiel, unpublished data). 

The abundance of diatoms within littoral and shal
low-water systems also has been attributed, in part, to 
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viable, benthic, and/ or resting cells and cysts resus
pended within Lhe water column (meroplankton). 
Meroplankton ma~· influence the taxonomic composi
tion and total abundance of suriace assemblages in 
shallow systems (e.g. Schclske et al. 1995, Carrick et 
al. 1993, Tester et al. 1995, Roy et al. 1996), and sign if~ 
icant resuspension of meroplanktonic diawms after 
wind nents has been reported from the western basin 
of Lake Erie (I Iartig 1987). A similar occurrence would 
be expected within southeastern Lake ~Iichigan, a re
gion hea,ily impacted by sediment resuspension and 
characterited by imense turbulence during holomixis. 
Lake Michigan diatoms ha,·e large sinking rates (Sca,·ia 
and Fahnenstiel 1987) and settle rapidly through the 
water column. particularly upon the onset of thermal 
stratification (Gardner et al. 1990). :\alepa and Quig
ley ( 1987) previously reported the occurrence of 'ia
ble benthic chi a within surficial sediments of near
shore Lake :.Vlichigan. with the greatest amounL~ (up 
to 212 JJ.g·g 1 sediment) obsen·ed during late spring. 
In this study, the presence of viable chi a and fucoxan
thin (ca. 53 and 42 JJ.g·g- 1 sediment. respectively) 
\\~thin surficial sediments established the sediments as 
a potential source of meroplanktonic diatoms (also see 
Klein and Riaux-Gobin 1991, Millie etal. 2003). Cotner 
et al. (2000) estimated that of the >3 X 1012 g of sedi
ment resuspended during the :.Vlarch 1998 e\·ent, ca. 
1.65 X 101:! g occurred in the volume of water (2.29 X 
1011 m:1) inside the 60-m depth contour. From this, 
and using the aforementioned sediment pigment con
centrations, we estimated that ca. 0.9-3.3 X 1011 g of vi
able chi a could be resuspended from the lake's floor 
in near-shore waters ( ~60 m deep). This would result in 
a potential increase of 0.4-1.5 JJ.g-L -I chl a to the overly
ing water column during a m~or prolonged event. 

The occurrence of resuspension typically coincides 
with the initiation period of the spring diatom bloom. 
This annual bloom can contribute up to half of the 
lake's total annual primary production and serves as a 
m~or carbon source to higher trophic levels (Fahn
enstiel and Sca,ia 1987a, Gardner et al. 1990, Brooks 
and Edgington 1994). Mortimer (1988) suggested that 
the resuspended material may be associated '~th the 
annual bloom. Moreover, many taxa typically obsen•ed 
\~thin the spring bloom are capable of forming resting 
stages and have been observed as part of the meroplank
tonic assemblages witl1in other systems (Sicko-Goad et al. 
1986, 1989). Major resuspension could provide a signifi
cant pulse of benthic diatoms into the water column, and 
these taxa, if slimulated by appropriate singular and/ or 
multiple physical/chemical cues, then could undergo 
selectiYe growth (e.g. Imai et al. 1996). Resuspension, 
coupled \\~th optimal nutrient/ light conditions and 
near-shore-offshore transport mechanisms, then might 
provide for de,-eJopment of the spring diatom bloom 
within nutrient-rich near-shore waters before its propa
g-ation offshore (as noted by Stoermer 1968). 

However, the approximate juxtaposition of resus
pension with the onset of the spring bloom presents a 
complexity in delineating causatiYe impacts on phy-

toplankton assemblages. In examining the rclati,·e phy
toplankton composition between sediment-impacted 
and adjacem waters, .\-lillie et al. (2003) denoted a spa
tial dissimilarity among assemblages tha~ mirrored SP.YL 
concentrations. The large net diatoms and crypwphytes 
typically comprising phytoplankton of the spring bloom 
and of optically clear offshore waters were not associ
ated with sediment-impacted waters. Ralher. small cen
tric diatoms exhibiting meroplanktonic life histories 
and large pennate diatoms considered benthic in 01igin 
were prevalent. This corresponds with the positiYe as
sociation of SP.YI \dth relati\'e diatom chl a and. taken 
together, indicates that sediment resuspension is asso
ciated with the presence of meroplankton. Howe,·er. 
total and absolute diatom chi a and cryptophyte chi a 
displa~ed a lack of and ncgati,·e association with SP~l 
concentrations. respectively. As such. although resus
pension influenced the composition o[ near-shore ph\'
toplankton assemblages, it appeared to have linle if any 
impact on total phytoplankton abundance within Lake 
:\lichigan coastal waters. 
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